Diet and immunity are both highly complex processes through which organisms interact with their environment and adapt to variable conditions. Parents that are able to transmit information to their offspring about prevailing environmental conditions have a selective advantage by 'priming' the physiology of their offspring. We used a meta-analytic approach to test the effect of parental diet on offspring immune responses. Using the geometric framework for nutrition (a method for analysing diet compositions wherein food nutrient components are expressed as axes in a Cartesian coordinate space) to define dietary manipulations in terms of their energy and macronutrient compositions, we compiled the results of 226 experiments from 38 published papers on the intergenerational effects of diet on immunity, across a range of study species and immunological responses. We observed intergenerational impacts of parental nutrition on a number of offspring immunological processes, including expression of pro-inflammatory biomarkers as well as decreases in anti-inflammatory markers in response to certain parental diets. For example, across our data set as a whole (encompassing several types of dietary manipulation), dietary stress in parents was seen to significantly increase pro-inflammatory cytokine levels measured in offspring (overall d = 0.575). All studies included in our analysis were from experiments in which the offspring were raised on a normal or control diet, so our findings suggest that a nutrition-dependent immune state can be inherited, and that this immune state is maintained in the short term, despite offspring returning to an 'optimal' diet. We demonstrate how the geometric framework for nutrition can be used to disentangle the role that different forms of dietary manipulation can have on intergenerational immunity. For example, offspring B-cell responses were significantly decreased when parents were raised on a range of different diets. Similarly, our approach allowed us to show that a parental diet elevated in protein (regardless of energy composition and relative to a control diet) can increase expression of inflammatory markers while decreasing B-cell-associated markers. By conducting a systematic review of the literature, we have identified important gaps that impair our understanding of the intergenerational effects of diet, such as a paucity of experimental studies involving increased protein and decreased energy, and a lack of studies directed at the whole-organism consequences of these processes, such as immune resilience to infection. The results of our analyses inform our understanding of the effects of diet on physiological state across diverse biological fields, including biomedical sciences, maintenance of agricultural breed stock and conservation breeding programs, among others.
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I. INTRODUCTION
It has been widely shown that plants and animals transmit information to their offspring non-genetically as a function of prevailing environmental conditions, and that these processes are an important component of inter-individual variation in phenotype. In particular, parents may transmit information about the state of the nutritional (e.g. Godfrey, Gluckman & Hanson, 2010; Hibshman, Hung & Baugh, 2016) , pathogenic (Pigeault et al., 2016) , physiological (e.g. Herman & Sultan, 2016) , toxicological (e.g. or psychological (e.g. Bohacek & Mansuy, 2015; Klengel, Dias & Ressler, 2016) environment. Transmitted information may increase fitness if offspring phenotype can be modified accordingly to optimise interaction with the environment. Intergenerational transmission occurs if parents provide information directly to gametes, embryos or offspring, via a variety of physiological mechanisms, such as the transmission of antibodies or hormones (Skinner, 2008) . Similarly, 'transgenerational' transmission occurs via the germline (i.e. without direct exposure of the offspring to the stimulant) through epigenetic modifications (Skinner, 2008) .
Immune priming is the provision of immune profiles, or other information about the pathogenic environment, from parent to offspring (Poulin & Thomas, 2008; Pigeault et al., 2016) . Female parents typically have greater opportunity to provide immune priming to offspring than male parents, as the former have greater opportunity for provisioning in general than the latter [e.g. via direct transmission of antibodies (Grindstaff, Brodie & Ketterson, 2003) ], although paternal effects have been detected (e.g. Keightley, Wong & Lieschke, 2013; Sternberg, de Roode & Hunter, 2015) . Paternal and maternal effects may even have differential outcomes for offspring phenotype (e.g. Triggs & Knell, 2012) .
One environmental mechanism that may modulate the relationship between parental and offspring immunity is diet. There is a close relationship between diet and immunity across the animal kingdom: poor nutrition early in life can negatively affect many adult traits, including disease resistance (Gebhardt & Newberne, 1974; Valtonen et al., 2012) . The reasons for this relationship are complex and may be attributed to the cost of investing in immunity, so that immune function must be traded off against investment in other traits (Lochmiller & Deerenberg, 2000) . For example, malnutrition and/or nutrient deficiency may directly result in parents provisioning fewer resources to offspring, which then themselves have fewer resources available to invest in immune development, although indirect mechanisms via imprinting may also occur, especially under paternal effects (Triggs & Knell, 2012) . Conversely, poor nutritional state may be indicative of high population density, which brings increased disease risk. As a consequence, evolution may favour increased immune function in offspring during periods of under-nutrition (Shikano et al., 2015) . In addition to diet itself providing the signal for intergenerational immune priming, variation in immune receptivity may also be generated indirectly via the effects of diet on the microbiota, which can in turn also be transmitted from parent to offspring (Berghof, Parmentier & Lammers, 2013; Knorr et al., 2015) . Taken together, evidence suggests that the nutritional state of parents may be expected to have complex effects on the immunological state of their progeny.
A synthetic understanding of the impacts of parental nutrition on offspring immunity would inform several fields of enquiry. Environmental fluctuations may mean that the conditions experienced by offspring correlate poorly with those experienced by their parents. If intergenerational effects occur, environmental change could result in a mismatch between the supposedly information-rich cues a parent passes to their offspring's phenotypic development, and the truly 'ideal' phenotype for prevailing conditions -a maladaptive intergenerational effect (Godfrey et al., 2007) . In biomedical sciences, intergenerational effects based on a mother's nutritional state may be responsible for many negative health outcomes, including increased risk of obesity and metabolic disease (Godfrey et al., 2007; Bruce & Hanson, 2010) . In conservation biology, non-genetic intergenerational processes could impact the success of breed-for-release programs: cues that breeders receive from captive environments may lead to production of offspring with phenotypic traits that are poorly suited to the wild, which may then show poor survival when released (e.g. Williams & Hoffman, 2009; Evans et al., 2014; Grueber et al., 2017) . In agriculture, feed provided to breeders may impact the immune capacity of offspring through intergenerational effects, with potentially massive economic costs if immunity is impaired (e.g. Berghof et al., 2013) .
Literature on the effects of nutrition on intergenerational immune priming is diverse, with experimental data originating from fields as wide-ranging as evolutionary ecology, parasitology, biomedical research and agriculture. Similarly, effects of parental diet on a broad diversity of offspring phenotypes associated with immunity have been examined, including immune gene expression (e.g. Iwasa et al., 2015) , immune profiles (e.g. Tuchscherer et al., 2012) , pathogen susceptibility (e.g. Kangassalo et al., 2015) and survivorship (e.g. Enting et al., 2007) . In this study, we statistically collate the findings of published experimental studies on the topic of intergenerational effects of diet on immunity. We use a systematic review of the literature coupled with meta-analytic methods to test for overall trends and inform our understanding of these fundamental processes. Our approach enables us to distinguish the degree to which different results among studies can be attributed to sampling variation, rather than true underlying differences (Senior et al., 2016a) . Using quantitative techniques we aim to identify those offspring immunological traits that are most responsive to different types of nutritional manipulation in parents.
II. METHODS (1) Literature search
Our systematic review and meta-analyses target experimental studies that impart macronutrient stress on an individual (F 0 ), before quantifying immune function in individuals of the subsequent generation they produced (F 1 ). We performed a systematic literature search, following established preferred reporting items for systematic reviews and meta-analysis (PRISMA) protocols as closely as is possible for a multi-species study (Nakagawa & Poulin, 2012; Shamseer et al., 2015) . The online search was conducted on 7 June 2016 in both the ISI Web of Science ('topic' search, encompassing title, abstract, author keyword and Keyword Plus ® ) and Scopus (encompassing title, abstract, keyword) databases using the following keyword combinations: '(matern* OR parent*) AND (nutrition* OR diet* OR calorie* OR food) AND (epigen* OR intergeneration* OR transgeneration* OR offspring) AND (immun* OR infect* OR parasite*) NOT human NOT cancer'. These online searches yielded 1764 and 695 records, respectively. Duplicates were removed, and titles, abstracts and full texts screened for suitability (Fig. 1) .
(2) Inclusion and exclusion criteria
Studies were included in our analysis only if they satisfied the following criteria: (i) the research must have been conducted under an experimental setting (e.g. excluding observational field data) with a control parental group, which was fed a 'normal' or 'habitual' diet (as defined by the authors); (ii) the experimental treatment must have been a quantifiable macronutrient manipulation, or calorie restriction, relative to controls (see Section II.3a), in the parental generation (F 0 ); (iii) the study must report quantifiable measures of immune function correlates (including candidate gene expression analysis and related measures; Section II.3b) in the first-generation offspring (F 1 ), with or without an immune challenge, excluding generalised (non-specific) measures of the inflammatory response; (iv) experiments were conducted using non-mutant strains, and animals were not subject to any other interventions.
In addition to those study-design considerations listed above, studies were also excluded if they did not report the mean of their measured trait and sample size of F 0 and F 1 groups (missing trait variances were imputed, Section II.5), or if measurements for F 1 offspring could not be unambiguously tracked back to parental treatment schemes. Available data from all non-human animal species were included in our analysis. In all, 34 articles included all the data for effect-size calculation in the main data set, although we were able to include an additional four studies using multiple imputation of missing variances (see Section II.5) (Table 1) , giving a total of 38 articles included.
(3) Data extraction
For each study that met our eligibility criteria, we extracted the mean and, where possible, standard deviation (SD; calculated from associated measures where necessary) of a measured immune trait in the offspring of parents that had been subjected to experimental macronutrient intake manipulation, as well as corresponding control data. The number of offspring on which each measurement was based was also extracted. We extracted data from tables presented in the main text of each study, in Supporting Information, or from figures using GraphClick (http://www.arizonasoftware.ch/graphclick/). For each study and effect size we also recorded data on covariance structure (e.g. multiple contrasts with the same control group data) and moderator variables (i.e. factors that may affect the results), namely study ID, species, and the type of dietary manipulation.
(a) Dietary manipulation measurements and the geometric framework for nutrition
Here, nutritional stress is examined using the geometric framework (GF) for nutrition (Raubenheimer & Simpson, 1993; Simpson & Raubenheimer, 2012) . The GF allows diet compositions to be explicitly defined via nutritional geometry wherein food nutrient components are expressed as axes in a Cartesian coordinate space (a 'nutrient space'). Recent application of the GF to immunological studies has demonstrated that an animal's nutritional state is central to their immune function (reviewed by Simpson et al., 2015) . Our study is the first, however, to investigate the impacts of intergenerational nutrient stress using the GF. In this study, we characterise experimental diets according to their macronutrient composition in a nutrient space delimited by two axes, with the percentage of dietary energy derived from protein expressed on the x-axis, and non-protein-derived energy expressed on the y-axis (Fig. 2) . We consider the habitual food on which the control group was fed in each study as the optimal food (i.e. the black food rail in Fig. 2 ) and consider experimental diets which deviate geometrically from this optimum as stimulators of macronutrient stress. Employing this nutrient space allows us to categorise nutritional stress qualitatively (defined as a manipulation of the ratio of protein to non-protein calories in the food; grey rails in Fig. 2 ), and quantitatively (whether access to total energy was manipulated relative to the optimal diet; position along the black or grey rails in Fig. 2 ) (following Raubenheimer et al., 2016) . A variety of physiological and life-history traits are known to be influenced by both dietary macronutrient composition (Le Machovsky-Capuska et al., 2016) and dietary restriction (Robertson & Mitchell, 2013; Senior et al., 2015) . In our analysis, all parental macronutrient intake treatment and control groups were defined according the following criteria: (i) was there an increase or decrease in total energy for the treatment diet, relative to control, or was the total energy offered by each diet the same? (ii) Was there an increase or decrease in the percentage composition of protein for the treatment diet, relative to control, or was the percentage protein of each diet the same? (iii) Were the treatment animals maintained under an 'intake restriction' protocol? The latter could be achieved by either restricting the total food intake of the treatment animals, or by feeding the treatment animals an equivalent amount (per unit intake) of food to the control, however with the concentration of the treatment animals' food being diluted with a non-nutritive bulking agent.
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in an individual recipe to determine the total contribution each macronutrient made to total dietary energy. In doing so, we followed the standard rule that protein and carbohydrate each contribute 4 kcal g −1 and fat contributes 9 kcal g −1 (following Senior et al., 2016b) . In some cases, authors reported using proprietary diets. In these cases, we extracted the energy density and the protein composition of these diets from the proprietors' product nutritional information labels or product information sheets available online. All data were extracted from studies wherein the offspring of parental treatment and control groups were all raised on the control diet. Nutritional geometry (NG) is a multidimensional framework for conceptualising foods, nutritional state and nutrient requirements (see Simpson & Raubenheimer, 2012 for a review). Using NG, n nutrients can be displayed in an n-dimensional Cartesian space, where each coordinate gives an amount and balance of the nutrients modelled. For instance, here we consider kilojoules of protein and non-protein energy on the x-and y-axes, respectively. An individual's state is modelled as their position in this 'nutrient space', and moves as foods are eaten. Using NG, foods are represented by 'food rails' (here, solid lines) which have a slope denoting the nutritional composition of the food with respect to the nutrients modelled. An individual's state can move along or in parallel to these food rails as it eats. The requirements of the organism are given by an 'intake-target' (here, a black circle). The intake target is a state within the nutrient space which an organism would attempt to reach under free choice. Data suggest that organisms attempt to reach a state that maximises evolutionary fitness. Here, the food rail given in black would allow the organism to reach the intake target; an optimal food. The upper and lower grey lines contain less and more protein relative to non-protein than the optimal food, respectively (grey arrows). The position of an individual's state along a food rail may be downwardly manipulated by restricting feeding or bulking out food with non-digestible components, or upwardly biased by increasing the energy density of a food (black arrows).
including thymus and spleen; (viii) resistance to infection: experimental data from studies that infected or otherwise challenged subjects and recorded their resistance to the disease either in the form of percentage mortality, resistance to sublethal infection or delayed development; (ix) leukocytes, other: leukocyte or lymphocyte counts that cannot be assigned to one of the above categories due to non-specificity of counts.
(4) Effect-size calculation
Our aim was to compare the difference in mean values of immunological traits of offspring whose parents have been exposed to different dietary treatments. Because we are combining data from a range of different trait measurements and species it is necessary to convert the outcomes of each experiment to a common scale. In meta-analysis, this is done using a standardised effect size (Rosenberg, Rothstein & Gurevitch, 2013; Nakagawa et al., 2017) . We used the effect size Hedge's d (hereafter d), which is one of the most widely used effect sizes for quantifying the difference in population means of two treatment groups in an experiment or clinical trial (Hedges, 1981; Grissom & Kim, 2001; Gurevitch, Curtis & Jones, 2001 ). For each experimental (manipulated diet) and control-group combination in a study, we calculated d following equation 14 in Nakagawa & Cuthill (2007) . Measures of d are positive if the mean measurement of the trait of interest is greater in the experimental group than in the corresponding control group, and vice versa.
In meta-analysis, the variable power of each effect size should be taken into account. Effect-size estimates from experiments with larger sample sizes should be considered as more precise than those from studies with low sample sizes. This is done by estimating the sampling variance (the square of the standard error) associated with each effect size. We calculated the sampling variance associated with each value of d following equation 17 in Nakagawa & Cuthill (2007) . All calculations and subsequent analyses were performed using R V 3.4.0 (R Core Team, 2016). Our input data file, along with the associated code for conducting all analyses, are provided as online Supporting Information, Appendix S1 and S2, respectively.
(5) Missing data
In a number of cases, experiments did not report the standard deviation associated with a mean. Rather than completely exclude these data from our analyses, we used multiple imputation to impute missing standard deviations [full details provided in Appendix S3.1 (Nakagawa, 2015; Besson et al., 2016) ]. Multiple imputation was performed using the 'mice' function in the package mice (van Buuren & Groothuis-Oudshoorn, 2011) . To explore the sensitivity of our conclusions to the use of multiple imputation, we also repeated our analyses after dropping all data with missing standard deviations. The results of these less-inclusive analyses are presented in Fig. S2 and Table S1 , and provide the same qualitative conclusions as the results presented in the main text.
(6) Meta-analysis and meta-regression models
Effect sizes from traits in each immunological response category (Section II.3) were analysed separately. Quantitative analyses were only applied to those data subsets with greater than five effect sizes (Fig. 1) . For each trait category we implemented three models, using the 'rma.mv' function in the package metafor (Viechtbauer, 2010) for R.
The first model was a multi-level meta-analysis (MLMA; Nakagawa et al., 2017) . This type of model has two aims: (i) estimate the overall average effect based on all effect sizes within a trait category, and associated statistical significance, and (ii) estimate the amount of variation among the effects reported by different studies, termed 'heterogeneity' (Higgins & Thompson, 2002; Senior et al., 2016a) . For estimated effects, we interpret effect magnitude of estimates using the established benchmarks of 0.2, 0.5 and 0.8 as small, medium and large, and interpret statistical significance using 95% confidence intervals [CI; CIs not spanning zero are considered statistically significant at α = 0.05 (Nakagawa & Cuthill, 2007) ]. Heterogeneity (i.e. variation among studies) was calculated as I 2 Total (Higgins & Thompson, 2002; Nakagawa & Santos, 2012) . I 2 Total is interpretable as the percentage of variance among effects that cannot be attributed to sampling. Following widely used (but initially tentatively proposed) benchmarks we consider values greater than 25, 50 and 75% as small, medium and large heterogeneity, respectively [although for a multi-species analysis such as ours it is not uncommon for I 2 Total to be greater than 90% (Higgins et al., 2003; Borenstein et al., 2009; Senior et al., 2016a; Nakagawa et al., 2017) ]. In several cases, multiple effect sizes were obtained from the same study, so total heterogeneity (I 2 Total ) was partitioned into between-(I 2 Study ) and within-study (I 2 Residual ) heterogeneity following Nakagawa & Santos (2012) .
After fitting MLMAs for each trait, we went on to implement two random-effects meta-regressions (REMRs) for each trait. The aim of REMR is to explore the degree to which variance among effect sizes (i.e. heterogeneity) could be explained by the factors, termed moderators, that are known to differ among studies ). Here we explored whether different types of parental dietary manipulation (Section II.3a) may have different effects on offspring immunological traits. Two REMRs were implemented for each data subset, exploring the effects of (i) % energy from protein in the diet, and (ii) energy content of the diet. Moderators were coded as three-level categorical predictors; 'decrease', 'same' or 'increase' in the experimental diet relative to control. Multiple moderators were not included in the same model simultaneously owing to the relatively small sample sizes in data subsets.
Like most statistical models, meta-analytic models assume that data (i.e. effect sizes) are independent . Where this assumption is violated, and non-independence is not appropriately addressed, there is an increased risk of Type I error . We identified a number of sources of non-independence among our effect sizes, and dealt with these issues using recommended procedures (detailed in Appendix S3.2).
(7) Publication bias
The results of meta-analyses can be biased if the experimental results that make it into the published literature on a topic systematically differ from the results of the sum total of experiments that have been performed on that topic (Rothstein, Sutton & Borenstein, 2005) . Most commonly, it is asserted that non-significant results have a decreased likelihood of publication (for a range of reasons), meaning that meta-analyses based on the published literature lack studies that observe small effects and/or have small sample sizes (Jennions et al., 2013; Nakagawa et al., 2017) . Consequently, where present, publication bias can lead to upwardly biased meta-analytic estimates. A number of tests have been devised to detect, and test the sensitivity of results to, publication bias (Møller & Jennions, 2001 ). Here, we used a regression-based method ('Egger's regression') to detect statistically significant evidence for the presence of publication bias in each data subset (i.e. for each immunological trait) (Egger et al., 1997; Nakagawa & Santos, 2012) . For data sets where we detect evidence of publication bias using Egger's regression, we used 'trim-and-fill analysis' to evaluate the sensitivity of our results to publication bias (Duval, 2005) . Trim-and-fill analyses estimate the number of 'missing' (i.e. unpublished) effect sizes, and the degree to which the results of meta-analysis might be biased by these missing results. Full details of the implementation of these tests can be found in Appendix S3.3. 
III. RESULTS (1) Available data
After filtering, and consolidation of multiple related measures of immune capacity from the same group, 38 publications yielded a total of 226 effect sizes (71 of which were based on imputed standard deviations), across our nine categories of immune function. Only one category, Leukocytes (Other), had fewer than five effect sizes (Fig. 1) , and was therefore excluded from subsequent analysis. The mean sample size of treatment groups that contributed to each effect size in our data set was 12.2 individuals (SD = 20.2, range 4-211), although note that the same group of animals may contribute to multiple effect sizes (for example, if multiple broad categories of immunological measurements are made from the same individuals). Dietary manipulations were typically applied to mothers (N = 181 effect sizes, 80.1%) with other manipulations applied to both parents (N = 45, 19.9%). None of the studies included in our analyses manipulated the diets of fathers alone. Over half of our data (N = 170 effect sizes, 75.2%) came from analyses where both the treatment and control groups were fed ad libitum. For the remainder, 36 effect sizes (15.9%) were from studies where treatment diets were fixed and controls ad libitum, and 20 (8.8%) were from studies where diets of both groups were fixed. Diet treatments varied widely, with almost all combinations of 'decreased', 'same', and 'increased' energy and protein observed, although three diet types dominated the data set: decreased energy and protein, decreased energy with same protein, same energy with decreased protein; together comprising 67.3% of the data set (Table 2) .
Our data set incorporated findings collected from studies of 13 species, primarily studies of rodents (Norway rat Rattus norvegicus, mouse Mus musculus, greater long-tailed hamster Tscherskia triton), but also including three species of Artiodactyla (goat Capra aegagrus hircus, boar Sus scrofa, sheep Ovis aries), a primate (macaque Macaca fuscata), two Galliformes birds (chicken Gallus gallus, Japanese quail Coturnix japonica), three lepidopteran moth species (Indian mealmoth Plodia interpunctella, cabbage looper Trichoplusia ni and greater wax moth Galleria mellonella) and a dipteran mosquito (Anopheles gambiae) ( Table 1) . Although there are important differences in immunity across major animal taxa (such as invertebrates versus vertebrates), there are many crucial similarities too (Buchmann, 2014) . Our extracted data set was distributed such that eight of our nine traits were represented by multiple species (maximum six species contributing data to a given trait), and nine of the 13 study species were represented by data across more than one trait (see Appendix S1). Studies of invertebrates contributed only to two traits: inflammation associated (other) and resistance to infection. Studies of vertebrates contributed data to all immunological categories; R. norvegicus was the only species represented across all traits.
(2) Overall effects
We first report on the main results of our meta-analysis, indicating global trends across the data set and levels of heterogeneity (i.e. variability across studies). Overall, we observed intergenerational impacts of parental nutrition on a number of offspring immunological processes. Considering our data set as a whole, we observed that dietary manipulation in parents led to a small, but non-statistically significant decrease in adaptive, B-cell-associated traits (MLMA d = 0.205, 95% CI = −0.444 -0.035; N = 37; Fig. 3A ). We detected no overall effect of parental diet on offspring adaptive T-cell-associated traits or innate cells ( Fig. 3B and C) . Overall, parental dietary manipulations lead to increased pro-inflammatory cytokines in the offspring, and this effect was moderate and statistically significant (MLMA d = 0.575, 95% CI = 0.166-0.983; N = 55; Fig. 3D ). Similarly, we detected a moderate and statistically significant effect of parental diet on other inflammation-associated traits (MLMA d = 0.447, 95% CI = 0.054-0.840; N = 32; Fig. 3E ). There was a small negative effect of parental diet on anti-inflammatory and immune regulatory offspring traits, although the sample size for this effect was small and the associated CI was wide and spanned zero (MLMA d = −0.324, 95% CI = −0.890 -0.242; N = 15; Fig. 3F ). There was no effect of parental dietary manipulations on offspring immune organ mass (Fig. 3G) . Finally, offspring resistance to infection was estimated to be slightly depressed by parental dietary manipulations, however the effect was non-significant (MLMA d = −0.178, 95% CI = −0.461 -0.104; N = 23; Fig. 3F ).
(3) Heterogeneity
Heterogeneity was present in all analyses; its magnitude ranged from low to very high across our immunological traits (I 2 total = 29.5-98.7%; Table 3 ), indicating a degree of variation in the reported effects across different studies. Heterogeneity may result from methodological differences across studies, and/or species-specific effects. For five traits (adaptive B-cell associated, adaptive T-cell associated, innate cells, pro-inflammatory cytokines, anti-inflammatory/immune regulatory), heterogeneity could be attributed completely to variation at the study level, with I 2 residual (i.e. within-study variation) near zero (Table 3) . That is, all variation within studies could be attributed to sampling variance, and all variation among effect sizes, aside from sampling variance, could be attributed to study-specific factors (e.g. differences in study design and/or species; Table 3 ). For other inflammation-associated traits, heterogeneity among effects was attributable to both among-study differences, and within-study variation (Table 3) . For two traits (organ mass and resistance to infection) inter-study heterogeneity, I 2 studies , was close to zero, leaving large to moderate amounts of variance unaccounted for (I 2 residual ∼ 70%; Table 3 ).
(4) Effects of diet type
We used REMR to evaluate the impacts of particular parental dietary manipulations (protein and energy content) on offspring immunological traits (see Tables S3 and  S4 for full REMR results unless otherwise stated). In offspring adaptive, B-cell-associated traits, manipulations that altered protein content isocalorically led to significant, small decreases, while studies that reduced energy content had little effect (Fig. 3A) . A single study measured B-cell-associated traits in response to a manipulated diet that held percentage of energy from protein constant, and observed a very large negative effect (Fig. 3A) . For adaptive, T-cell-associated traits, both increasing energy content and manipulating percentage dietary protein resulted in slight decreases, but these effects were non-significant, and we detected no significant differences between type of dietary manipulation for these traits (Fig. 3B) . For innate cells, the estimated effects of all dietary manipulations were associated with poor precision and were non-significant (Fig. 3C) .
Offspring pro-inflammatory cytokines were increased as a result of all forms of parental dietary stress (Fig. 3D) . These effects were particularly large, and statistically significant, for increases in energy content (Fig. 3D) . Other offspring inflammatory traits were also markedly affected by different forms of parental dietary stress (Fig. 3E) . In particular, increasing dietary energy caused large increases in inflammation, an effect that was significantly greater in magnitude than for decreases in energy (REMR d increase-decrease = 0.810, CI = 0.111-1.509; Fig. 3E ). Increased protein also had a significantly greater effect on non-cytokine inflammatory traits than the effect of decreased protein (REMR d increase-decrease = 0.990, CI = 0.037-1.943; Fig. 3E ). Offspring anti-inflammatory and immune regulatory traits showed a statistically significant decrease in response to increased parental dietary energy, the magnitude of which was greater than that seen for decreased parental dietary energy (REMR d increase-decrease = −1.210, CI = −2.136 to −0.285; Fig. 3F ), although the latter was based on just two studies. Both increasing and decreasing protein content of the diet was estimated to slightly decrease offspring anti-inflammatory traits, although estimates were non-significant (Fig. 3F ).
All forms of dietary stress in the parental generation had negligible mean effects on offspring organ mass (Fig. 3G) . Finally, all studies that measured resistance to infection used a treatment that decreased energy content, and there were no significant differences between types of protein manipulation for this trait (Fig. 3H) .
(5) Publication bias
Using Egger's regression, we found statistically significant evidence for publication bias for five of our eight analysed traits (see Table S5 for full publication bias results). Trim-and-fill analyses applied to these data subsets suggested only one missing effect for each of adaptive T-cell-associated traits, anti-inflammatory/immune regulation, and resistance to infection. For anti-inflammatory traits and resistance to infection, inclusion of the missing data pulls the overall effect towards zero, but does not affect the qualitative conclusion drawn. For innate cells, trim-and-fill analysis indicated two effects were missing, although again, adjustment for these data does not qualitatively alter the interpretation of the overall effect. Finally, trim-and-fill analysis suggested five effect sizes missing for our analysis of pro-inflammatory cytokines, and that this overall result may be upwardly biased by 0.109 (Table S5) ; after adjustment for this bias the overall estimated effect for cytokine expression remained moderate in magnitude (overall d = 0.466).
IV. DISCUSSION
In this study, we systematically reviewed the effects of experimentally induced parental nutritional stress on offspring immunity. We observed intergenerational impacts of parental nutrition on a number of offspring immunological processes. In particular, we observed that pro-inflammatory cytokines and other inflammatory markers were elevated, while anti-inflammatory markers were decreased. These results point to a systematic intergenerational effect of dietary manipulation in parents, on the inflammatory state of offspring. We also found intergenerational effects of dietary manipulation on B-cell-associated processes, but little to no effect on T-cell-associated responses, gross immune organ masses, nor innate cell counts. Our meta-analysis also found a negative trend of parental dietary manipulation on offspring resistance to infection, although the latter pattern was not statistically significant. Finally, we were able to identify particular dietary stressors that have a greater or lesser effect on offspring immunity. For example, increased energy in the parental diet resulted in a large increase in offspring inflammatory markers, relative to little or no effect when energy was held constant or decreased (Fig. 3E) .
Overall, our results allow us to draw several important inferences about intergenerational impacts of parental nutrition on offspring immunity and disease resilience, as well as identifying fruitful areas for future research. Diet and immunity represent two of the most fundamental mechanisms by which organisms interact with their environment. But both diet and immunity are highly complex, multi-dimensional traits, leading to difficulties in untangling the relationships between alternate life-history and physiological strategies, and predicting responses to perturbations (Ponton et al., 2011) .
(1) Immune complexity: parental diet differentially affects aspects of offspring immunity Our results show that offspring of parents maintained on a range of sub-optimal diets displayed down-regulation of their adaptive, B-cell-associated responses (Fig. 3A) . By contrast, parents maintained on sub-optimal diets showed no effect on adaptive, T-cell-associated responses relative to offspring from parents whose diets were optimal (Fig. 3B) . For juvenile herbivores and omnivores, a compromised nutritional state corresponds to differential performance in B-cell-and T-cell-mediated immune responses: short-to medium-term protein and/or energy restriction can inhibit antibody production in juvenile animals, while T-cell activity, especially that of helper and killer T cells, remains either unchanged or enhanced (Good & Lorenz, 1992; Esquifino et al., 2007; Fernandes, 2008) . Our meta-analysis suggests that offspring, too, could inherit this nutrition-dependent immune state (differential regulation of B-cell versus T-cell responses) from nutritionally compromised parents, without directly experiencing nutritional stress themselves. The consequences of this finding are far-reaching, for example in conservation breeding programs that produce animals for release to the wild. Released animals with reduced antibody production and/or activity could suffer increased infection risk and decreased antigen recognition. In cases where the T-cell response is increased, this situation could present an increased risk of developing auto-immune diseases (Ma et al., 2008; Manzel et al., 2014) and allergies (Good & Lorenz, 1992; Ho, 2010) , and promote inflammation (Magrone & Jirillo, 2015; Cohen, Danzaki & MacIver, 2017) .
Exactly how parental macronutrient and/or caloric intake manipulation influences offspring lymphocyte activity, and potential disease risk, warrants further investigation. In the current study, the published literature we identified contained a diversity of immunological measurements, which necessarily required creation of broad B-cell and T-cell response categories for meta-analysis. However, T-cell type and function vary widely (Magrone & Jirillo, 2015) , and future work should test how different components of T-lymphocyte-mediated immunity is transmitted in response to variable nutritional states, to provide a more precise picture of the underlying mechanisms that drive the patterns we report. Furthermore, T and B lymphocytes mature at different developmental stages in animals Garcia et al., 2000) , and future studies should aim to differentiate the responses of directly versus indirectly inherited immunoglobulins. The current analysis included B-cell responses from diverse animal species, including birds and mammals who inherit maternal antibodies through yolk or milk. It is possible that these broad groupings obscure some of the subtleties of offspring nutrient-dependent responses. Our need to create these broad immunological response-variable groups for meta-analysis is itself noteworthy, and demonstrates a paucity of current work investigating the intergenerational immunological impact of poor nutrition, especially with specific immunological responses (Manzel et al., 2014) .
Several categories did not show any significant change in response to dietary manipulations, including innate cell counts. As pro-inflammatory cytokines were increased we may expect the counts of cells producing these cytokines, such as macrophages, to increase also. However, studies that focussed on 'innate cells' were diverse, incorporating many measures of diverse cellular and biochemical markers, each of which may respond differently to dietary manipulations. Examining each of these independently would have reduced our ability to test for general patterns. In addition, offspring organ mass, which included both thymus and spleen masses, was not significantly affected by parental dietary manipulation. While it is possible that these organs are unaffected by dietary effects, we observed a high degree of unexplained heterogeneity for these traits, i.e. variation among studies that cannot be explained by dietary manipulation. Thus, the lack of a statistically significant change may also be due to differential responses of spleen and thymus, and/or among-study variation in the developmental period at which masses were measured. Developmental stage is particularly important for the thymus, which grows then atrophies during development (Shanley et al., 2009) .
(2) Dietary complexity: different parental dietary compositions have different effects on offspring immunity
In this meta-analysis, we used the geometric framework (GF) to avoid confounding changes in diet quantity with changes in diet nutrient proportions (Ponton et al., 2011; Simpson & Raubenheimer, 2012) . For example, 38 effect sizes in our data set were from 'high fat' dietary manipulations (Table 2) , but these were achieved via four different types of macronutrient and energy manipulations (i.e. the absolute compositions of 'high fat' diets varied considerably). Similarly, over half of the effect sizes included in our study were manipulations of the protein content of the diet, but only 15.9% of the data set were from experimental increases in protein (regardless of dietary energy content) ( Table 2) .
In humans, high-protein diets may assist in weight loss and controlling obesity, due to the appetite-suppressant effect of protein (Astrup, 2005; Simpson & Raubenheimer, 2005; Weigle et al., 2005; Gosby et al., 2014) . While the health benefits of reducing excess adipose tissue in animals, including humans, are well understood (van der Kooy et al., 1993; Zimmet, Alberti & Shaw, 2001; Han, Sattar & Lean, 2006) recent studies have shown that a high-protein diet, with concurrent reduction in total energy from carbohydrates and fat, causes health and lifespan attenuation in many species (Hunt et al., 2004; Lee et al., 2008; Solon-Biet et al., 2014) . Our meta-analysis indicates that increasing the percentage of protein beyond a species' optimum in parental diets (regardless of energy intake) can significantly increase inflammatory biomarkers in offspring (Fig. 3D,  E) and decrease B-cell-associated markers (Fig. 3A) . Thus, increasing parental dietary protein could have important effects on offspring immunity. Nutrition interacts with immunity within the lifespan of an individual by influencing disease tolerance, immune activation following pathogen exposure, and longevity following infection (Lazzaro & Little, 2009; Ponton et al., 2013) . Work on larval insects has shown that increasing the relative proportions of different macronutrients can variously optimise different immune traits, with no particular protein to carbohydrate proportion able to optimise all immune components within a species (reviewed in Ponton et al., 2013) . Given the complexity of disease risk in nature (Lazzaro & Little, 2009) , our finding that a nutrition-dependent immune state can be inherited, and that this immune state is maintained in the short-term despite offspring returning to an 'optimal' diet, is important in many fields of enquiry. For example in conservation, long-term captive diets may perturb offspring immune states in a manner not seen in the wild. Obesity is a growing problem for captive animals (e.g. Clubb et al., 2008; Rose & Roffe, 2013; Rawski & Józefiak, 2014; Flacke et al., 2016) , and macronutrient manipulations are beginning to be used for weight control in captive animals (Simpson & Raubenheimer, 2012; Aoki et al., 2015) . It is unclear how these dietary manipulations may impact the survival of offspring released to the wild, to supplement threatened natural populations. Future work will need to establish whether offspring food choices, if given a choice, can override their inherited immune states.
(3) Manipulating parental nutrition can lead to an inflammatory state in offspring
There is increasing focus on links between nutrition, energy consumption, obesity and inflammation. In humans, obesity is characterised by chronic over-nutrition and excessive adiposity. Obesity is co-morbid with chronic inflammation (Das, 2001) where circulating pro-inflammatory cytokine and protein levels are elevated relative to those of non-obese individuals (Das, 2001; Dandona, Aljada & Bandyopadhyay, 2004; Fantuzzi, 2005; de Heredia, Gómez-Martínez & Marcos, 2012) . Chronic inflammation is thought to contribute to serious illnesses, including Alzheimer's disease, Type II diabetes (Das, 2001; Dandona et al., 2004; Heilbronn & Campbell, 2008; de Heredia et al., 2012) , cancer, and cardiovascular disease (Coussens & Werb, 2002; Deng et al., 2016) . It unclear whether chronic inflammation is driven by diet (Dandona et al., 2004; Deng et al., 2016) , lifestyle [i.e. a lack of exercise (Das, 2001 )], or due to excess adipose tissue (Dandona et al., 2004; Fantuzzi, 2005; Heilbronn & Campbell, 2008; Galic, Oakhill & Steinberg, 2010; de Heredia et al., 2012) , as these conditions typically occur simultaneously. 'Excess' adipose tissue is thought to contribute to chronic inflammation through production of pro-inflammatory proteins by stressed, enlarged adipocytes (Fantuzzi, 2005; Galic et al., 2010; Fernández-Sánchez et al., 2011) , or through cytokine-releasing macrophages that are harboured at high density within the adipose of obese people (Fantuzzi, 2005; Galic et al., 2010; Arango Duque & Descoteaux, 2014) . Thus, compared to lean individuals, obese individuals suffer chronic inflammation because, proportionally, obese bodies contain more pro-inflammatory tissue. However, our meta-analysis of non-human experimental data was inconsistent with this explanation: we found significantly higher levels of pro-inflammatory cytokines and other inflammatory biomarkers in the offspring of parents subjected to macronutrient stress, relative to control offspring (Fig. 3D 3E) . Offspring inflammatory cytokines and other inflammatory makers were particularly increased in experiments that increased the energy content of parental diets, relative to the offspring of parents on control diets (Fig. 3D 3E) , while anti-inflammatory markers were significantly decreased in these experiments (Fig. 3F) . We note that all treatment offspring included in our analysis were returned to the species' optimal or control diet at birth or hatch. These findings suggest that the pro-inflammatory state representative of a diet elevated in energy can be inherited by offspring that consume optimal diets. Broadly speaking, the consequences for offspring with elevated pro-inflammatory biomarkers extend beyond altered disease risk. Elevation in pro-inflammatory cytokines can impact insulin signalling and promote insulin resistance across a broad range of cells, including adipocytes, liver and muscle cells (Lavallard et al., 2012) . Increased levels of interleukin cytokines can alter animal fever responses, and even induce fevers similar to those produced by bacterium infection (Kozak et al., 1998) . Increased cytokine activity has also been linked to impairment of learning and memory, mood alteration (Donzis & Tronson, 2014) and altered sleep patterns (Majde & Krueger, 2005) . Animal breeding programs that manipulate diets in this way may thus produce animals that experience greater physiological stress than animals on non-manipulated diets, negatively impacting the suitability of those animals for their intended purpose, whether that is releasing animals to supplement dwindling wild populations (e.g. conservation restoration programs) or maintaining a robust breeding stock (e.g. agriculture).
(4) Whole-organism consequences of parental dietary manipulation
Despite our data set including many studies examining the intergenerational effects of diet on physiological and genetic measures of immunity, our search provided few data on the ultimate adaptive consequences of these processes, such as effects on offspring pathogen resilience or offspring survival. This is reflected in the small number of experiments (N = 23) that were available for our category 'resistance to infection'. We would predict that immunological perturbations may lead to decreased immune resilience, and this is what we observed, although the trend was not statistically significant (Fig. 3H) . Furthermore, under our classification only two types of dietary manipulation were used: decreased protein coupled with decreased energy and same protein with decreased energy. For example, Boots & Roberts (2012) report experimental data from a study of Indian meal moth Plodia interpunctella, in which the resource environment of mothers (i.e. the feed) was manipulated in order to determine the effect on offspring survival after challenge with a virus. The dietary manipulation comprised the substitution of carbohydrate in the diet with an indigestible bulking agent. Offspring of mothers experiencing poor nutritional state had improved resilience to parasites, a finding that is interpreted by the authors as indicating life-history 'optimisation', or priming (Boots & Roberts, 2012) .
Good experimental models for unifying the physiological and evolutionary mechanisms underpinning nutrition-mediated intergenerational immune priming are species in which it is possible to cultivate large sample sizes, and with well-known disease processes. An example is Lepidoptera, many species of which are important agricultural pests and thus have well-understood pathogen interactions through research into biocontrol agents [e.g. Plodia interpunctella and its granulosis virus PiGV (Boots, 2000; Boots & Roberts, 2012) ; Trichoplusia ni and the bacteria Bacillus thuringiensis (Ericsson et al., 2009; Shikano et al., 2015) ; Plutella xylostella and the endoparasitoid wasp Cotesia plutellae (Ibrahim & Kim, 2006) ]. Studies of the role of nutrition in the interaction between insects and their pathogens have a long history (e.g. Benz, 1987) , and more-recent studies provide a well-defined nutritional framework for lepidopterans (e.g. Cotter et al., 2011; Povey et al., 2014) . Furthermore, all of the cytokine studies included in our current analysis were undertaken in mammals, but related processes could also be measured in Lepidoptera (e.g. Ibrahim & Kim, 2006) , work that may be facilitated by the pre-existence of reference genomes (Challis et al., 2016) .
V. CONCLUSIONS
(1) The results of our meta-analysis reveal that parental dietary manipulations can impact the immunity of offspring, including increased pro-inflammatory cytokines and other inflammatory biomarkers, as well as B-cell responses.
(2) Intergenerational immunological responses occurred even when offspring were raised on a 'normal' or 'control' diet, allowing us to infer that a pro-inflammatory state can be inherited by individuals who are themselves raised on a 'normal' diet.
(3) Our use of explicit dietary characterisation via the geometric framework allowed for a nuanced approach to understanding the intergenerational effects of dietary stress on offspring immunity, and allowed us to identify combinations of dietary energy and macronutrient manipulations that are poorly studied in the literature.
(4) Few studies have examined the adaptive consequences of intergenerational effects of diet on offspring immunity, such as impacts on disease resistance or offspring survival. Studies in this area will help to better understand the evolutionary mechanisms driving the associations between dietary stress and the immunological responses we observed.
VIII. SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article. Appendix S1. Data extracted from the 38 studies used in the meta-analysis.
